An experiment was carried out under greenhouse conditions in order to evaluate the effects of soil applications of bentazone, isoproturon, fluchloralin and 2,4-D on plant vitality, chlorophyll content, N and protein content, nodulation and seed production in chickpea, inoculated with Mesorhizobium ciceri. Applying ten times the recommended rates of all herbicides adversely affected the plant vigor, total chlorophyll content and nitrogen (N) content in shoot and seed production. Fluchloralin and 2,4-D gave the highest adverse effects on seed production in chickpea while protein content in seeds increased significantly following herbicide applications but decreased with an increase in application rates. The ten times the recommended rates of bentazone and 2,4-D completely decreased nodulation. Nodule occupancy determined by immunoblot assay ranged between 72 and 89 percent, while each rate of the four herbicides except the normal dose of bentazone showed an adverse effect on rhizobial populations within single nodules of the chickpea plant.
INTRODUCTION
Rhizobial inoculant is commonly applied to seeds of legume crops to ensure effective nodulation and subsequent nitrogen fixation. Agronomists therefore desire to maximize the legume production by reducing or eliminating the use of nitrogenous fertilizers. The inoculant is, however, often used in conjunction with agrochemicals, which not only contain essential nutrients but also contaminants. Many of the chemicals, e.g. pesticides, may be potentially hazardous and cause a threat to both legumes and associated symbiotic nitrogen-fixing microorganisms. The exposure of these chemicals to field-grown plants could be either intentional, e.g. by spraying the legumes with pesticides, or through residues remaining from previous treatments of other crops.
Studies of the effects of pesticides, e.g. herbicides, on symbiotic N 2 fixation have concentrated on Rhizobium spp. under in vitro conditions [18, 23] . These effects, however, depend on the herbicides and their concentrations and the Rhizobium species, and even the strains used [1] . A significant reduction in the rhizobial growth has been observed for some herbicides applied from one to ten times the recommended field application rates [1, 7] . In contrast, 500 times the field dose rates did not affect rhizobial growth [12, 28] . However, growth of rhizobia is only one aspect of symbiosis, which also depends on nodule formation, nodule growth and nodule function; all these processes can be affected by the herbicide applications. Herbicides such as metribuzin and alachlor, when used at rates higher than the recommended dose rates, significantly reduced rhizobial growth, nodulation, nitrogenase activity and total N content in soybean and therefore, it was suggested that the two her-bicides can be used only at recommended application rates [15] . In contrast, herbicides such as terbutryn/terbuthylazine, trietazine/simazine, prometryn and bentazone [27] and methabenzthiazuron (MET) [16] , at normal application rates, had little or no effect on free living rhizobia and root nodule development. However, in other studies, of the four dinitraniline herbicides tested, three herbicides, i.e. benefin, dinitroamine and nitralin, drastically decreased nodulation, nitrogenase activity and total N contents of tops and pod yield in groundnut cultivars at recommended levels. Fluchloralin, however, at recommended dose rates, enhanced the above parameters [6] . Therefore, when applying herbicides to legume crops, researchers must take into account any negative effect of the herbicides on overall growth and the establishment and functioning of an effective symbiosis.
Chickpea (Cicer arietinum) is the leading pulse crop and around 92% of the area and 89% of the production of chickpea is concentrated in semiarid tropical (SAT) countries [21] . In India, it occupies an area of 7.7 million hectares and contributes 40% of the total pulse production [25] . It is a rich source of protein and therefore, agronomists desire to maximize its production while reducing or eliminating the use of herbicides. However, nitrogen fixation and consequently the yield of chickpea are reduced, if herbicides are applied [20] . Weed causes a reduction of 40-90% in chickpea production and so herbicides are widely used [2] . Since earlier studies have demonstrated the adverse effects of herbicides on Rhizobium growth and its symbiosis with other legume crops, and insufficient information is available on the effect of herbicides on Mesorhizobium-chickpea symbiosis, the present study was therefore carried out under greenhouse conditions in order to evaluate the effects of soil applications of bentazone, fluchloralin, isoproturon and 2,4-D on the growth, chlorophyll content, N content, nodulation and yield in chickpea. Further, since no literature is available on the effects of herbicides on rhizobial growth directly in nodules, we therefore also attempted to evaluate the herbicidal impact on rhizobia in chickpea nodules using immunoprobes.
MATERIALS AND METHODS

Plant culture
Bentazone (basagran, effective compound 480 g L -1 ; Bayer), isoproturon (arelon, 75% w.p.; Hoechst), fluchloralin (basalin 45% a.i.; Bayer), and 2,4-D (Erbitox, 80% a..i.; Bayer) were filter-sterilized (0.2 µm) and were used at normal, double (2D) and ten times (10D) the recommended dose rates. The recommended dose rates of the herbicides were 1.1 µg a.i./g, 2 µg a.i./g, 0.75 µg a.i./g and 1.75 µg a.i./g, respectively. The herbicides were added as a pre-sowing application (pre-emergent) to moist soil 48 h before sowing except bentazone, which was applied one week after emergence. The herbicides were chosen as they are commonly used when growing legumes. The soil samples were stirred properly to ensure the proper mixing of each herbicide. Surface -sterilized seeds of chickpea var. K-850 were bacterized with Mesorhizobium ciceri T-75 (≅ 10 8 cells/ml) using charcoal as a carrier and a 10% arabic gum to stick rhizobial cells to the seeds. The coated seeds were sown immediately in earthen pots (10 seeds/pot) containing 4 Kg unsterilized sandy clay loam soils (sand 606 g Kg -1 , silt 204 g Kg -1 , clay 190 g Kg -1 , organic C 0.004%, WHC, 0.44 ml g -1 , total N 0.75 g Kg -1 , available P 16 mg Kg -1 and pH 7.4). Seedlings were thinned to 4 plants per pot 10 days after germination. Also, an extra set of pots that received no herbicidal application was also taken which served as control. The pots were hand-weeded at regular intervals. The pots were kept in a greenhouse at 24 ± 1 °C and 64% relative humidity. The experiment was conducted using a completely randomized block design with six replications of each treatment.
Plant growth, chlorophyll content, N uptake and yield
At 45 days after seeding the chickpeas, two pots (eight plants) from each treatment were used for destructive plant analysis of nodulation. Adhering soil particles were removed carefully from each root system of the legume host; nodules were washed thoroughly with distilled water (6X) to get rid of pesticidal residues, if any, accumulated on the nodule surface, and were disinfected [29] . Nodule occupancy and rhizobial populations (inoculated strains) in each nodule were then determined by immunoblot assay. Nodules were dried and weighed. Plants uprooted at 90 days after seeding were oven-dried and the weight of roots and shoots and the chickpea giant biomass were determined. Plants were finally harvested 20 weeks after seeding and the grain yields of chickpea were determined. Total chlorophyll content of the foliage was determined at 90 days after seeding as suggested by Mechenny [17] . Total nitrogen content in shoots was measured at 45 d and at harvest, as suggested by Jackson [14] . The protein content in seeds was deter-mined at harvest. The data on plant growth and yield were subjected to statistical analysis (ANOVA) and significant difference was calculated at P ≤ 0.05 [11] .
Preparation of antigens and antisera
Mesorhizobium ciceri T-75 obtained from the Indian Agricultural Research Institute, New Delhi, India, were grown for 3-5 d in yeast extract mannitol broth and were harvested in normal saline as described by Vincent [29] . Pellets were resuspended in normal saline to obtain a thick suspension containing 10 9 cell/ml and subjected to heat treatment in a boiling water bath for 1 h to inactivate flagellar antigens. The suspension was then preserved at 4 °C by adding 1% Merthiolate until use. A one -ml culture suspension of each strain emulsified with an equal volume of Freund's complete adjuvant (FCA) was injected sub-cutaneously at weekly intervals into New Zealand white rabbits. Seven days after the last injection, the rabbits were bled from the marginal veins of ear, and the antisera were stored in 1% Merthiolate solution until use. Nodules collected in bulk at 45 days after seeding from the root system of herbicide-treated plants were surface-sterilized and the nodule antigens were prepared by crushing thoroughly washed nodules individually. The nodule antigens were then used for nodule occupancy determination and rhizobial quantification by the method as outlined by Olsen and Rice [19] . Nodule occupancy was calculated as follows: % nodule occupancy = (number of purple spots on the nitrocellulose membrane) × 100 / total number of nodules tested. The rhizobial populations in each herbicide-affected nodule were quantified as-Number of purple spots on the nitrocellulose membrane / dilution factor × volume of inoculum.
RESULTS AND DISCUSSION
Plant growth, chlorophyll content, N uptake and yield
Chickpea plants grown with different dose rates of herbicide showed a varied plant growth (Tab. I). Normal and double rates of 2,4-D, the 2D rate of fluchloralin and 10D rates of all the herbicides adversely affected the root length, whereas all the herbicides at 10D rates, and 2,4-D and isoproturon at 2D rates, showed significant reduction in dry matter accumulation in roots over control. All dose rates of 2,4-D and 2D and 10D concentrations of isoproturon and bentazone significantly (P ≤ 0.05) reduced the shoot length. In contrast, ND rates of isoproturon and bentazone and the 2D rate of fluchloralin significantly increased the growth of chickpea tops. All dose rates of bentazone, 2D and 10 D rates of isoproturon and the 10 D rate of fluchloralin inversely affected the dry matter accumulation in shoots over control. The reduction in shoot growth could be due to reduced photosynthate production or its translocation to the tops, which might have been temporarily arrested. In general, isoproturon and bentazone at 10 D rates showed more phytotoxic effect and reduced the total dry matter production (giant biomass) in chickpea by 78.5 and 64.2%, respectively, as compared with control. The reduction in plant dry matter production at high rates of herbicide application could be due to inhibition of photosynthesis or due to low nitrogenase activity [24] .
Seed yield declined considerably with dose for all herbicides, but was only significantly reduced at 10 D rates in fluchloralin (46.3%) and 2,4-D (45%). In comparison, the normal dose rates of each herbicide either showed little or no significant adverse effect on chickpea yield. Singh and Wright [26] observed a significant reduction in nodulation, total nitrogenase activity, net photosynthesis, root and shoot dry weight, N content and seed yield of peas with an increase in application rates of three pre-emergence herbicides (terbutryn/terbuthylazine, trietazine/simazine and prometryn) and a post-emergence herbicide (bentazone). In other studies, benefin, dinitramine and nitralin at recommended levels decreased nitrogenase activity, total N of groundnut tops and pod yields in three groundnut cultivars, while fluchloralin at the same rate improved the above parameters [6] .
Chlorophyll content in foliage consistently declined with increasing herbicide application rates except with 2D of isoproturon, which significantly improved the chlorophyll content as compared with its normal dose rate. The ND and 2D rates of the other herbicides, however, did not show any significant effect on photosynthetic pigments at 90 d after seeding the chickpea, as compared with control. Other studies have also shown an inhibition in shoot growth and chlorophyll concentration following pre-emergence and post-emergence applications of four rates of imazaquin to soybean [3] . The 10D rates of each herbicide, in general, showed significant reduction in shoot N at both stages of plant growth. At 10 D rates, fluchloralin and 2,4-D exhibited a significant reduction in N content of shoots as compared with 10 D rates of isoproturon and ben-tazone at 45 d or at harvest (Tab. I). In contrast, the ND rates of isoproturon and fluchloralin appeared to enhance the N content significantly at 45 d after seeding the chickpea, whereas the ND rates of bentazone, isoproturon and 2,4-D enhanced the N content at harvest. However, more N content in shoots was determined at 45 d as compared with the harvest stage. In general, the protein content in seeds decreased with increasing application rates of the herbicides. A significant increase in protein content in seeds was observed with ND rates of all the herbicides and 2D rates of bentazone and 2,4-D. In contrast, the 2D of isoproturon and fluchloralin significantly reduced the protein content in chickpea seed. The 10 D rates of 2,4-D and isoproturon, an urea group herbicide, decreased the protein content by 50 and 35.6%, respectively, as compared with control (Tab. I). Similar studies have also demonstrated a significant increase in N and protein content in the seeds of plants when applying a commercial herbicide containing 20% cynazine and 30% linuron to lupins under controlled conditions [5, 9] .
Nodule occupancy and rhizobial quantification
The number of nodules produced on legume plants is generally used as an index for assessing the N 2 -fixing efficiency of Rhizobium species. However, this does not reflect the true efficiency of a particular rhizobial strain since the handcounted nodule may also include nodules produced by the indigenous population. Therefore, to ascertain the factors involved in the herbicide effects on symbiosis, we investigated the effect of four herbicides, paying special attention to the effect on nodulation ability and rhizobial growth in nodules, because both factors determine the symbiotic effectiveness, using immunoprobes.
Nodulation response to herbicide treatment was variable (Tab. II). Isoproturon at 10 D rates decreased the nodule number by 32.3% as compared with control while 10 D of bentazone and 2,4-D completely diminished the nodule formation and thereby suggested that this concentration of these herbicides is highly toxic for Rhizobium -legume symbiosis. Also, the host plants differed significantly (P ≤ 0.05) with regard to their nodule dry weight, and correlation between nodule number and nodule dry weight was highly significant (r = 0.88). The herbicide-induced decline in nodulation in general could be due to the inhibition of the symbiosis process or the herbicides might have interfered with the chemotactic motility between the legume root and the bacteria. Furthermore, in a study, metribuzine and carbetamide application produced a strong decrease in nitrogenase activity, which can be related to damage in the photosynthetic apparatus and also to alterations in the nodule cortex structure. In both cases, activities of cytosolic catalase and peroxidase were altered, suggesting nodule senescence [10] . Similar adverse effects of herbicide treatments on nodulation have been reported for other leguminous species as well, e.g. trifluralin, alachlor and metribuzin were detrimental to nodulation and nitrogen fixation in soybean, where trifluralin also decreased grain yield [15] . A reduction in the photosynthate supply available to roots when plants are in the nodulating phase would result in a reduction in number and/or size of nodules produced on the roots and therefore a reduction in the capacity of plants to fix nitrogen [8] . In con-trast, the exudes from the seeds and roots of legumes possibly decreased the toxicity of a lower concentration of herbicides as reported by Richardson [22] . All treatments except the ND and 2D of bentazone and fluchloralin had fewer nodules than the control or other treatments and therefore were found to be less harmful to symbiosis than 2,4-D and isoproturon at concentrations used in practice. Among the herbicides, 2,4-D and fluchloralin were found to be more harmful since these affected the nodule development at concentrations used in practice. Higher concentrations of herbicides, used in the study, are not likely to occur under normal field applications. However, such conditions may appear under intensive cultivation systems where herbicides are consistently used to alleviate weeds.
Nodule occupancy as determined through immunoblot assay ranged between 72 and 89%, the maximum being produced by chickpea plants grown with ND of bentazone (89%). All the nodules collected from a single plant, however, never showed 100% immunoreactivity with their homologous antisera during the immunoblot assay. In general, the lower rates of each herbicide showed maximum occupancy as compared with control or the 10D rate of each herbicide. The reduction in nodule occupancy at higher concentrations therefore suggested the direct effect of these herbicides on the rhizobial population and reduced the occupancy. The herbicides seem to have disrupted the permeability of the membrane and translocated to the nodule where they inhibited the bacteroid nitrogenase activity [13] .
The establishment and survival of Mesorhizobium ciceri in nodules following herbicide treatment varied considerably (Tab. II). In general, the ND and 2D dose rates of herbicide showed little adverse effect on rhizobial populations within each nodule. Maximum rhizobial counts (84 × 10 5 cells/ml of nodule suspension) were observed in the nodular suspension prepared from the nodules collected from 2D treatment of 2,4-D after 3 d of growth on YEMA plates, whereas the 2D suspension of bentazone showed the lowest rhizobial counts (1.1 × 10 5 cells/ml) in comparison with untreated control. The nodular antigen suspension of chickpea plants treated with ND of bentazone when reacted with its homologous antisera showed a 100% positive immuno-reaction indicating no adverse effect on the rhizobia. In contrast, the 10 D dose rates of each herbicide significantly reduced the rhizobial population within each nodule as compared with untreated control. Of the four herbicides tested, the 10 D rate of bentazone and 2,4-D completely diminished the rhizobial growth within nodules. The reduction in the rhizobial population within nodules of each herbicidetreated plant could possibly be due to nutritional deficiency rather than herbicide toxicity, as the herbicides accumulated around the rhizospheres can limit the availability of nutrients to the rhizobial cells growing within the nodules [4] . The results therefore suggest that the higher dose rates of the four herbicides act directly upon the plant and indirectly on the nodule bacteria. However, the authors are not aware of similar studies carried out with other herbicides. More studies are therefore needed to explain why the rhizobial population declined within nodules following herbicide applications. Nevertheless, the decreased rhizobial population in nodules is suggestive of a reduction in chickpea-Mesorhizobium symbiosis. It is therefore suggested that the growers, who often adopt intensive agronomic practices, should avoid the accumulation of these herbicides in soils to the levels shown to affect the vigor, nodulation and yield of chickpea crops.
